Our previous observation that host plant extracts induce production and secretion of mannitol in the tobacco pathogen Alternaria alternata suggested that, like their animal counterparts, plant pathogenic fungi might produce the reactive oxygen quencher mannitol as a means of suppressing reactive oxygenmediated plant defenses. The concurrent discovery that pathogen attack induced mannitol dehydrogenase (MTD) expression in the non-mannitol-containing host tobacco suggested that plants, unlike animals, might be able to counter this fungal suppressive mechanism by catabolizing mannitol of fungal origin. To test this hypothesis, transgenic tobacco plants constitutively expressing a celery Mtd cDNA were produced and evaluated for potential changes in resistance to both mannitol-and non-mannitol-secreting pathogens. Constitutive expression of the MTD transgene was found to confer significantly enhanced resistance to A. alternata, but not to the non-mannitol-secreting fungal pathogen Cercospora nicotianae. These results are consistent with the hypothesis that MTD plays a role in resistance to mannitol-secreting fungal plant pathogens.
Introduction
In a large number of plants (such as celery, parsley, snapdragon, etc.) the sugar-alcohol mannitol serves as a carbon and energy storage compound as well as a compatible solute and regulator of osmotic potential (Stoop et al., 1996) . In these plants mannitol accumulation is at least partly modulated by the regulated expression of the mannitol catabolic enzyme mannitol dehydrogenase (MTD, E.C. 1.1.1.255) (Stoop and Pharr, 1992; Stoop and Pharr, 1993) . MTD also appears to be a pathogenesis-related (PR) protein in celery, as it has greater than 90% amino acid similarity to the elicitor-induced ELI-3 proteins of parsley and Arabidopsis, and its expression is induced by salicylic acid (SA), an inducer of many plant defense proteins Williamson et al., 1998; Zamski et al., 2001) .
Mannitol, in addition to being a versatile metabolite and osmoprotectant, is also an antioxidant. Mannitol has been recognized as a potent scavenger of hydroxyl radicals (OH) in vitro (Smirnoff and Cumbes, 1989) , as well as an effective antioxidant in vivo (Shen et al., 1997a; Shen et al., 1997b) . This antioxidant activity might be significant in the context of fungal pathogenesis, because reactive oxygen species (ROS) play a central role in plant responses to pathogen attack (Alvarez et al., 1998; Lamb and Dixon, 1997; Mehdy et al., 1996) . On recognition of an infecting pathogen, a plasma membrane-associated NADPH oxidase is activated and superoxide is produced (Doke, 1985) . Superoxide (O 2 À )
is subsequently dismutated to H 2 O 2 , either spontaneously or by an apoplastic (secreted) superoxide dismutase (Alvarez et al., 1998; Vanacker et al., 1998) . Participation of O 2 À and H 2 O 2 in the metal-catalyzed Haber-Weiss reaction can then lead to the production of the highly reactive hydroxyl radical (OH) (Wendehenne et al., 2001; Wojtaszek, 1997) . Depending on concentration, the resulting ROS can initiate localized apoptosis (the hypersensitive response or HR) or a variety of other defenses (Alvarez et al., 1998) . For instance, ROS serve as direct antimicrobial compounds, as substrates for lignification, and may be signal molecules for induction of SA synthesis and the resulting induction of PR-protein expression. Given mannitol's potent antioxidant capacity, the large amounts of mannitol in celery and parsley (up to 50 and 20% of their translocated carbohydrates, respectively) Stoop et al., 1996) might be expected to quench ROS, and thus suppress ROSmediated defenses. As neither parsley nor celery is exceptionally noted for disease susceptibility, we initially hypothesized that removal of mannitol by SA-mediated induction of MTD acted to potentiate ROS-mediated defenses . Unexpectedly, however, we found an enzymatically active MTD in the non-mannitol-producing plant tobacco, where its expression was induced both by the SA analog 2,6-dichloroisonicotinic acid (INA) and by fungal elicitors (Jennings et al., 1998) . The absence of its normal substrate (mannitol) suggests that MTD is unlikely to have a simple metabolic role in tobacco. Instead, recent findings suggest a possible alternative role for pathogen-induced MTD in non-mannitol-producing plants.
Because ROS serve such a central role in plant responses to pathogen attack, successful pathogens must be able to evade or suppress ROS-mediated defenses. Phytopathogenic bacteria, for instance, are believed to secrete ROSscavenging enzymes such as catalases and superoxide dismutases (Klotz and Hutcheson, 1992) . The consequent removal of either O 2 À or H 2 O 2 (substrates for the HaberWeiss and/or Fenton reactions) would also prevent the production of OH. Instead of secreting enzymatic ROS scavengers, most fungi, including many plant pathogenic ones, produce the antioxidant mannitol (Bieleski, 1982; Jennings, 1984) . Mannitol originally was believed to function in fungi primarily as a storage metabolite or in NAD(P)H recycling. However, mannitol production also appears to be essential for pathogenicity in at least some fungi. For example, production and secretion of mannitol by the tomato pathogen Cladosporium fulvum is required for pathogenicity (Joosten et al., 1990) . Similarly, the fungal animal pathogen Cryptococus neoformans appears to secrete mannitol to quench ROS produced by defense cells in the blood (neutrophils) (Chaturvedi et al., 1996a; Chaturvedi et al., 1996b) . If pathogens secrete mannitol to suppress ROS-mediated host defenses, then extracts from the host plant might be expected to induce increased mannitol production and/or secretion by the corresponding phytopathogen. We previously showed that mannitol production and secretion in the tobacco pathogen Alternaria alternata are induced up to fivefold by tobacco leaf extracts (Jennings et al., 1998) . In contrast, Cercospora nicotianae, another fungal pathogen of tobacco, secretes no detectable mannitol in the presence or absence of tobacco leaf extract. This observation is consistent with the observation that production of ROS by the photosensitizing toxin cercosporin is required for C. nicotianae pathogenicity (Daub and Ehrenshaft, 2000) . Thus secretion of an ROS quencher might be expected to interfere with a process necessary for infection.
To assess more directly the proposed role of MTD, and hence mannitol, in plant-pathogen interactions, transformed tobacco plants constitutively expressing a celery Mtd cDNA were produced and evaluated for potential changes in resistance to both mannitol-and non-mannitol-secreting pathogens.
Results

Celery Mtd cDNA encodes an active enzyme in tobacco
Leaf tissues from tobacco plants transformed with a CaMV 35S promoter-celery Mtd cDNA construct were first examined to see if the cloned celery cDNA produced a functional enzyme. Extracts from tissues of primary transformants (kanamycin-resistant T 0 s) as well as untransformed controls were analyzed for MTD activity (Figure 1a ), MTD protein ( Figure 1b) and Mtd RNA (Figure 1c ). Because desalting inactivates the endogenous tobacco MTD (Jennings, 2000; Jennings et al., 1998) , but not the celeryencoded enzyme (Stoop and Pharr, 1992; Stoop and Pharr, 1993) , assays were performed using desalted extracts to ensure specific detection of the celery cDNA-encoded MTD activity. Similarly, RNA blot analyses were performed at high stringency to ensure specific detection of the cDNAencoded transcript (see Experimental procedures). Of the primary transformants screened, 14 had significant MTD activity (e.g. 1E5), while others (e.g. 1E10), as well as untransformed B21, had little or no detectable MTD activity. There was no detectable Mtd RNA in untransformed controls, while Mtd RNA levels ( Figure 1c ) and MTD protein (Figure 1b ) mirrored levels of MTD activity in the transformants, indicating that the 35S-Mtd transgene encoded an active MTD in tobacco. Transgenic plants expressing celery MTD were otherwise phenotypically indistinguishable from untransformed controls.
Comparison of induced and transgene-derived expression of MTD in tobacco
We previously reported that the SA analog 2,6-dichloroisonicotinic acid (INA) induces expression of an endogenous MTD in Nicotiana tabacum cultivar K326 (Jennings et al., 1998) . To see if induction of MTD is also a PR response in Burley 21 (B21, the cultivar used in this study), and to compare any observed induction with levels of transgene expression, we treated B21 leaf disks with INA as previously described (Jennings et al., 1998) . In addition, because of its widespread use in transgenic studies (Shillito and Saul, (a) Enzyme activity resulting from the expression of the celery MTD was measured in desalted extracts as described in Experimental procedures. All data are mean values AE SE of three independent experiments. (b) Equal protein (20 mg) of each sample was separated by SDS-PAGE and blotted onto nitrocellulose. Blots were incubated with an anti-MTD serum and visualized using an alkaline phosphatase-linked secondary antibody as described in Experimental procedures. A celery protein extract (celery; 5 mg) was run for size comparison. MTD crossreacting proteins are indicated (MTD prot>). The Coomassie-stained gel is shown to document loading. (c) Total RNA (20 mg) from the above tissues was separated on formaldehyde-agarose gels and blotted onto nitrocellulose. Mtd transcript accumulation was assessed using a 32 P-labeled, celery Mtd cDNA as a probe under conditions of high stringency (washed in 0.1 Â SSC at 658C). Celery total RNA (celery; 5 mg) was run for size comparison. Blots were stripped and reprobed with a 32 P-labeled rDNA sequence (25S rRNA) to assess loading and transfer. Note that the kanamycin-resistant transformant 1E10 had little or no MTD activity. RNA blot analyses, however, revealed the presence of an %300 nt RNA hybridizing with the Mtd probe (<), suggesting the expression of a truncated copy of the Mtd cDNA. (a) Leaf discs from untransformed tobacco cultivars Burley 21 (B21) and Petite Havana (SR1) were treated with either 3 mM INA (þ) or water (-) for 48 h. Tissue samples were then collected and undesalted extracts were analyzed for endogenous tobacco MTD activity. (b) Endogenous tobacco MTD activity was measured in undesalted extracts from INA-induced and uninduced B21 leaf discs (B21, AEINA) and compared to levels of the celery transgene-encoded MTD activity in desalted extracts from leaf tissue of uninduced primary transformants (1E15, 1E13). Equal protein (20 mg) from each sample was also separated by SDS-PAGE and blotted onto nylon membranes. Blots were challenged with anti-MTD, as well as anti-PR1a, sera and visualized using a chemiluminescent secondary antibody as described in Experimental procedures. MTD (MTD>) and PR1a (PR1a>) antisera cross-reacting proteins are indicated. The gel was Coomassie-stained as above to document loading (not shown). All data are mean values AE SE of three repetitions.
ß Blackwell Publishing Ltd, The Plant Journal, (2002), 32, 41-49 1988), we also analyzed the response of the tobacco cultivar SR1 (Petite Havana). Although there were large differences between the two cultivars, INA induced MTD activity in both (Figure 2a ). Whole-plant treatments with the SA analog benzothiadiazole (BTH) also induced MTD, but at somewhat lower levels (not shown). Proteinblot and enzyme activity analyses were next used to compare levels of the INA-induced, endogenous MTD in B21 with levels of MTD resulting from expression of our transgene. As discussed above, passage of extracts through a desalting column inactivates the endogenous tobacco MTD, but does not affect the activity of the celery MTD. Thus we were able to distinguish between the activity of the endogenous tobacco MTD and that of the transgenically expressed celery MTD by desalting extracts and noting any change in MTD activity. Induction of MTD protein by INA paralleled increased MTD activity in both untransformed cultivars (B21, Figure 2b ; SR1, data not shown). As expected, PR1a protein expression was also induced by INA as compared to either uninduced B21 or the MTDexpressing, uninduced transgenic plants. Note that both MTD activity and MTD protein were significantly higher in the transformed B21 (1E13 and 1E15, Figure 2b ) than were levels of the induced endogenous MTD in untransformed B21. In addition, while still induced by INA, MTD induction in the commonly used laboratory cultivar SR1 was less than 20% that found in the two transgenic lines.
Transgenic plants expressing celery MTD are more resistant to Alternaria alternata
If MTD preserves ROS-mediated plant defenses by metabolizing pathogen-secreted mannitol, then constitutive expression of MTD might be expected to protect against a mannitol-secreting pathogen such as A. alternata. To test this hypothesis, detached leaves from both Mtd-transformed and untransformed plants were scored for resistance to the mannitol-secreting fungal pathogen A. alternata. Leaf sections from T 1 and T 2 plants expressing varying levels of MTD, as well as untransformed controls, were placed in incubation boxes and inoculated with an A. alternata spore suspension. The number of successful infections per 20 inoculation sites was determined 7 days after inoculation.
Susceptible interactions (successful infections) were characterized by the appearance of necrotic lesions at the site of inoculation, followed by the formation of yellow halos and eventual necrosis of the entire leaf section (B21, Figure 3a) . Resistant reactions were more varied. These ranged from either no obvious symptoms or only a few scattered 'pinprick' lesions (1E15-2, Figure 3a) , to the formation of localized lesions encompassing the inoculation sites, but no further symptoms (not shown). Leaf tissue from MTD-expressing T 1 (Figure 3b ) and T 2 (Figure 4a) plants exhibited many fewer infections than did leaf tissue from non-MTD-expressing, but kanamycin-resistant, transformants (not shown) or untransformed controls. Analyses of tissue from the corresponding plants, taken prior to Figure 3 . Constitutive expression of celery MTD in T 1 transgenic tobacco enhances resistance to the mannitol-secreting fungus Alternaria alternata. Leaf tissue from Mtd-transformed T 1 plants (1E3-1, 1E3-2, etc.) as well as untransformed controls (B21/UT) was inoculated with 20 10 ml drops of A. alternata spore suspension (5 Â 10 4 spores ml À1 ) and placed in incubation chambers. (a) Typical results of A. alternata inoculations on leaf tissue from untransformed (B21) and transformed (1E15-2) plants 7-10 days after inoculation. Susceptible interactions (successful infections) were characterized by the appearance of necrotic lesions at the site of inoculation, followed by the formation of yellow halos and eventual necrosis of the entire leaf section (B21). Resistant reactions varied from either no obvious symptoms or only a few scattered pinprick lesions (1E15-2, Figure 3a) , to formation of a localized lesion encompassing the inoculation site, but no further symptoms (not shown). In the absence of extensive lesion formation, the dried spore suspension is visible as a light tan to greenish spot at the site of inoculation. inoculation, showed that the number of susceptible interactions correlated inversely with levels of MTD protein; plants with more MTD protein had fewer successful infections (Figures 3b,c and 4a,b) . Leaf extracts were also assessed for the presence of PR1a, a protein marker of induced defense responses. Little or no PR1a protein was detected in either transformed or untransformed plants (PR1a, Figures 3c and 4b) . Preinduction of the defense response in plants, verified by the presence of high levels of PR1a protein expression in tissues prior to inoculation, did not correlate with any apparent additional reduction in lesion formation in the A. alternata detached leaf assays (data not shown). Taken together with the inverse relation- Figure 4 . T 2 transgenic tobacco constitutively expressing celery MTD shows enhanced resistance to the mannitol-secreting fungus Alternaria alternata. Leaf tissue from Mtd-transformed T 2 plants (1E5-12-2, etc.) as well as untransformed controls (B21/UT) was inoculated with 20 10 ml drops of A. alternata spore suspension (5 Â 10 4 spores ml À1 ) and placed in incubation chambers. (a) Number of successful infections per 20 inoculation sites 7 days after inoculation. Data are mean values AE SE for three leaf sections from each plant (1E5-12-2, etc.). (b) Protein (20 mg) extracted from tissue harvested from each leaf prior to inoculation was separated by SDS-PAGE and blotted onto nylon membranes. Blots were challenged with anti-MTD, as well as anti-PR1a, sera and visualized using a chemiluminescent secondary antibody as described in Experimental procedures. MTD and PR1a cross-reacting proteins are indicated (MTD>, PR1a>). The Coomassie-stained gel is shown to document loading. Figure 5 . Constitutive expression of MTD in tobacco does not confer resistance to the non-mannitol-secreting fungus Cercospora nicotianae. Fully expanded leaves of 16-week-old tobacco plants were inoculated with a C. nicotianae spore suspension (5 Â 10 4 spores ml À1 ) and disease development (lesion formation and coalescence) were observed over a 2-week period. (a) Typical C. nicotianae disease symptoms on untransformed (B21) and T 1 , Mtd-transformed tobacco (1E15-1) 7-10 days after inoculation. (b) Lesions were counted 7 days after inoculation on leaves of Mtd-transformed (1E6-1, 1E13-1, etc.) and untransformed (B21/UT) plants inoculated with C. nicotianae as described above. Data are mean values AE SE of two independent experiments. Two leaves per plant and three plants per line were used for each experiment. ship between lesion number and MTD expression, this strongly suggests that observed resistance was specifically due to the presence of the ectopically expressed MTD.
Constitutive expression of MTD does not confer enhanced resistance to the fungal pathogen Cercospora nicotianae Unlike A. alternata, C. nicotianae secretes no detectable mannitol, either in the presence or absence of tobacco leaf extract (Jennings et al., 1998) . If C. nicotianae does not secrete mannitol during the infection process, one might predict that constitutive expression of MTD would not affect the ability of this pathogen to cause infection. To test this hypothesis, Mtd-transformed and untransformed tobacco plants were inoculated with a C. nicotianae spore suspension, and the development of disease symptoms (lesion formation) was monitored. Both untransformed and transformed plants were susceptible to infection by C. nicotianae ( Figure 5 ), suggesting that constitutive expression of MTD in tobacco does not enhance resistance to this non-mannitol-secreting fungal pathogen.
Discussion
Previous work from this and other laboratories suggested that at least some phytopathogenic fungi might, like their animal counterparts, secrete the antioxidant mannitol as a means of suppressing ROS-mediated host plant defenses. If this is so, pathogen-induced expression of MTD could then play a strategic role in the complex process of fungal resistance in plants (Jennings et al., 1998) . If a pathogen secretes mannitol to quench ROS-mediated defense responses, then plants with high levels of constitutive MTD expression might be more resistant to this pathogen, as they have an enhanced ability to metabolize mannitol to the non-quenching sugar mannose. On the other hand, constitutive expression of MTD would not be expected to protect against pathogens that do not secrete mannitol, such as C. nicotianae. To test this proposed role for MTD in plant-pathogen interactions, a celery Mtd cDNA was constitutively expressed in tobacco. Biochemical and molecular analyses confirmed successful ectopic expression of an enzymatically active MTD in transformed plants (Figures 1  and 2 ). More importantly, however, we showed that transgenic tobacco plants constitutively expressing the celery MTD displayed enhanced resistance to the mannitol-secreting phytopathogenic fungus A. alternata. Expression of PR1a was monitored to verify that observed resistance was not due to generalized, SAR/ISR-induced PR protein expression at the time of inoculation. These results are consistent with the hypothesis that constitutively expressed MTD functions in the interaction between tobacco and A. alternata by catabolizing the mannitol produced by A. alternata, thereby 'buffering' critical ROSmediated defense-signaling processes. In contrast, constitutive expression of MTD in tobacco did not enhance resistance to C. nicotianae. This result is consistent with previous work (Daub and Ehrenshaft, 2000) demonstrating that C. nicotianae produces the photosensitizing toxin cercosporin, which in turn generates ROS as a necessary factor for pathogenicity. Hence, secretion of an active oxygen quencher such as mannitol might be expected to be detrimental to the infection process.
A wide variety of pathogenesis-related (PR) proteins play roles in plant defense against fungal and bacterial pathogens (Bowles, 1990) . Generalized induction of PR proteins by SA, or its analogs INA and BTH, has been reported to provide protection against a variety of these pathogens. However, preinduction of tobacco with BTH has been reported to be ineffective in providing resistance to Alternaria . Thus, initially it seemed surprising that constitutive expression of a single INA-induced protein such as MTD would enhance resistance to A. alternata so dramatically. However, although MTD induction appears to be part of the typical defense response in tobacco, we found that in B21, for instance, levels of INA-induced MTD were less than half the levels present in our transgenic plants (Figure 2b) . Furthermore, INAinduced MTD expression in the commonly used laboratory cultivar SR1 was less than half that observed in INAinduced, untransformed B21 (Figure 2a ). Given this cultivar-to-cultivar variation, the specific cultivar used to assess INA-induced resistance to A. alternata would then be expected to have a significant impact on the observed results. Therefore it is likely that, in addition to the timing of MTD expression, the absolute quantity of MTD expressed is important in pathogen resistance.
The production of ROS during the earliest stages of infection is thought to play a key role in initiating the programmed cell death associated with the HR (Alvarez et al., 1998; Lamb and Dixon, 1997; Mehdy et al., 1996) . Thus a successful resistance response probably requires a rapid adjustment in the prooxidant-antioxidant balance in the cell. The ability of a pathogen to interfere with this balance, through production of either antioxidants or ROS-scavenging enzymes, as well as a plant's ability to restore this balance, may be crucial determinants for infection. For instance, plants that have reduced ascorbate peroxidase and/or catalase activity, either through antisense expression of these genes or through the use of chemical inhibitors, are hyper-responsive to pathogen attack (Mittler et al., 1999) . Likewise, tobacco antisense transformants with reduced catalase activity show enhanced expression of PR proteins and increased accumulation of the antioxidant glutathione (Chamnongpol et al., 1996; Chamnongpol et al., 1998) . As H 2 O 2 is readily converted to OH via the transition metal-catalyzed Fenton reaction (Mehdy, 1994) , removal of H 2 O 2 not only would prevent the formation of OH, but also would make the proximal ROS in these cases difficult to ascertain. Recent electron paramagnetic resonance spectroscopy studies suggest a role for OH in the initiation of cell death by Botrytis cinerea (Deighton et al., 1999; Muckenschnabel et al., 2001) . The presumption that mannitol strongly and specifically quenches hydroxyl radicals (Shen et al., 1997b) might reflect the relative importance of this ROS in the resistance response.
The exact details of how mannitol and MTD might function in plant-pathogen interactions are not yet completely delineated. It is still possible, therefore, that an MTDmediated process other than the catabolism of mannitol is responsible for the observed gain in resistance. The data presented here, however, combined with our previous observations of pathogen-induced expression of MTD in tobacco and host-induced mannitol biosynthesis and secretion in Alternaria (Jennings and Williamson, 1997; Jennings et al., 1998) appear most consistent with a specific function for MTD in mannitol catabolism.
Experimental procedures
Construction and transformation of the 35S-Mtd chimera
A fragment containing a full-length celery Mtd cDNA was excised from clone p5-4 with the restriction enzymes SmaI and SnaBI (Promega, Madison, WI, USA). This blunt-ended fragment was used to replace the GUS reporter gene in SmaI-EcoICRI-cut pBI121 (Clontech, Palo Alto, CA). The resulting clones were screened for desired insert orientation, and sequenced to verify promoter-cDNA and cDNA-terminator junctions. A suitable chimeric plasmid (p9-41) was identified, isolated and transformed into Agrobacterium tumefacens strain EHA105 (Hood et al., 1993 ) using a freeze-thaw procedure . This 35S promoter-Mtd cDNA transcriptional fusion was then introduced into Nicotiana tabacum cv. Burley 21 by Agrobacterium-mediated transformation as described (Daub et al., 1994) . Over 50 kanamycin-resistant (Km r ) primary transformants (T 0 s) were screened. In addition to 14 that expressed significant levels of MTD, a number of Km r plants had no detectable MTD activity (e.g. 1E10, Figure 1 ). Primary transformants were allowed to self, and the resulting T 1 seed was collected, surface-sterilized and germinated on 0.5 MS medium containing 100 mg l À1 kanamycin, 200 mg l À1 carbenicillin and 0.7% TC agar (Sigma, St Louis, MO). T 2 plants similarly were grown from seed of selfed T 1 plants.
Fungal spore preparation and plant inoculations
The fungal tobacco pathogens Alternaria alternata (field isolate A5, a tobacco pathovar provided by H. Spurr Jr, Oxford, NC; Spurr, 1973) and Cercospora nicotianae (ATCC #18366) were grown at 208C in the light on a V-8 juice agar sporulation medium (Jenns et al., 1989) for 7 days. Sterile distilled water was then added to plates and the resulting spore suspensions collected. Spores were quantified using a hemocytometer and resuspended at the desired concentration in sterile distilled water. For A. alternata inoculations, a detached leaf assay similar to that of Spurr (1973) was used to assess resistance. Because accurate, reproducible laboratory assessment of Alternaria pathogenicity requires precise control of both humidity and temperature (Spurr, 1973) , greenhouse inoculation of whole plants was found to be unsatisfactory. In addition, a wild-type field isolate of Alternaria was used because of concerns about the variable loss of virulence noted in some laboratory strains. Briefly, three leaves were harvested from 12-week-old plants grown at the Southeastern Plant Environment Laboratory (NCSU Phytotron) with a 12 : 12 h light : dark cycle at 150 mE m À2 sec À1 at 258C. Two squares (%2 0 Â 2 0 ) were cut from each leaf and placed abaxial side up on wire mesh suspended above water in plastic container with a lid. Twenty drops (10 ml @) of A. alternata spore suspension (5 Â 10 4 spores ml
À1
) were gridded on each leaf section and allowed to air-dry. Incubation boxes were then closed and placed in a 228C incubator with continuous light (100 mE m À2 sec À1 ). Symptom formation was monitored, and the number of successful infections per 20 inoculation sites was noted for each leaf section in each of three incubation boxes. Scores for tissues from the same plant were averaged. Data for day 7 post-inoculation are shown.
For C. nicotianae inoculations, spore suspensions were prepared from 7-day cultures as described above. Two leaves each on 16-week-old greenhouse-grown plants were sprayed on the abaxial side with a spore suspension (5 Â 10 4 spores ml
). Inoculated leaves were allowed to dry, and the plants placed in plastic bags in a shaded area in the greenhouse. Plants were uncovered after 4 days, placed on benches, and monitored for symptom development.
Tissue treatments, protein extraction, MTD activity and protein blot analyses
For analyses of endogenous MTD induction by the SA analog 2,6-dichloroisonicotinic acid (INA), leaf discs from untransformed tobacco cultivars Burley 21 (B21) and Petite Havana (SR1) were floated either in a solution of 3 mM INA or in de-ionized H 2 O for 48 h as described (Jennings et al., 1998) . For analysis of MTD transgene expression, representative leaf tissue from each plant (both transformants and untransformed controls) was harvested into liquid nitrogen and stored at À808C. For protein-blot analysis, tissue was ground in Bio-Rad (Richmond, CA) SDS sample buffer (1 : 6 w/v) and protein concentrations were determined (Bradford, 1976) . Proteins (20 mg per lane) were separated by SDS-PAGE (Laemmli, 1970) , blotted onto nylon membranes, and probed with an anti-MTD serum (1 : 6000) or anti-PR1a serum (1 : 1000) (a kind gift of D. Klessig, Rutgers University). Serum cross-reacting proteins were visualized using either an alkaline phosphatase (AP)-linked secondary antibody (Promega), or the ECL (chemiluminescent) western blotting analysis system (Amersham Life Sciences, Buckinghamshire, UK).
Protein extracts were prepared and assayed for MTD enzyme activity as previously described (Stoop and Pharr, 1993) . Extracts were desalted by passage through Sephadex G25-50 prior to assay, except in those cases where expression of the endogenous tobacco MTD was being assessed (e.g. Figure 2 ). Desalting inactivates endogenous tobacco MTD (Jennings, 2000; Jennings et al., 1998; Jennings et al., 1999) , but not the celery cDNA-derived MTD (Stoop and Pharr, 1992; Stoop and Pharr, 1993) .
RNA blot analyses
RNA extraction and blot analyses, using a 32 P-labeled, full-length celery Mtd cDNA as a probe, were as previously described . Final washes were performed at high ß Blackwell Publishing Ltd, The Plant Journal, (2002), 32, 41-49 stringency (0.1 Â SSC; 658C) to ensure specific detection of the homologous celery Mtd transcripts. The tobacco Mtd homologue is detected only at lower stringency (0.2 Â SSC, 508C) (Jennings et al., 1998) .
